Aim Assessing the spatial structure and dynamics of marine populations is still a major challenge in ecology. The need to manage marine resources from ecosystem and large-scale perspectives is recognized, but our partial understanding of oceanic connectivity limits the implementation of globally pertinent conservation planning. Based on a biophysical model for the entire Mediterranean Sea, this study takes an ecosystem approach to connectivity and provides a systematic characterization of broad-scale larval dispersal patterns. It builds on our knowledge of population dynamics and discusses the ecological and management implications.
Introduction

1
Efficient management strategies should be proposed and applied to maintain the values and services of marine 2 ecosystems that are impacted at both regional and global scales by increasing anthropogenic stressors. Such 3 strategies require a global view encompassing the large dimensions of oceanic systems and a good knowledge of 4 complex ecosystem dynamics (instead of mono-specific focus). A good understanding of large-scale biogeography 5 and spatial dynamics of marine populations is thus a prerequisite to scale-up regional management planning 6 and to optimize the conservation of marine ecosystems heterogeneously distributed across large scales.
7
Marine populations are commonly structured as a "metapopulation" in which discrete "subpopulations" are 
42
Other studies estimated the Local Retention (LR) defined as the proportion of local larval production retained greater than the net import; the reverse is a sink. Since larvae are the most dispersive stage of many marine 48 species, Roberts [1997] proposed to simplify the source/sink character by focusing on the directional movement 49 of larvae in ocean currents. Although this simplification might not hold for all marine species, it was later 50 supported by Bode et al. [2006] who identified source/sink subpopulations primarily driven by larval dispersal 51 and only marginally by local demography.
52
Despite the crucial information brought by these open/closed and source/sink proxies applied to larval 53 transport, they have not been investigated at large-scale. Furthermore, although they are often employed to 54 describe local subpopulations or to make management recommendations, the link with oceanographic processes 55 and their inter-relationships remain unclear. 56 In this study we propose a modelling framework to systematically characterize larval dispersal and connec-57 tivity at large-scale, providing the necessary information to evaluate their effects on marine populations. Based 58 on a flow network built in the Mediterranean basin, we compute different connectivity metrics inspired from 59 concepts of population dynamics. A series of simulations allows for the analysis of the spatio-temporal variabil-60 ity of these proxies, their links with oceanographic processes and the investigation of their global relationships.
61
While this setting is equally applicable to any target species and to any oceanic area, the general connectivity 
Lagrangian flow network
67
To study large-scale connectivity patterns, we simulated the dispersal of free-swimming larvae by ocean currents 68 using the Lagrangian Flow Network methodology which is briefly described here while further details are found 
Definition and computation of connectivity metrics
89
Our weighted and directed network is analyzed from its adjacency matrix, an equivalent of the connectivity 90 matrix, to describe both the pathways and fluxes of larvae between all sub-areas of the surface ocean. Each 91 element of the connectivity matrix P i,j ∈ [0, 1] represents the probability that a particle released at t 0 from 92 node i settles in node j after the integration time τ . A diagonal element of the matrix represents the probability 93 that a particle released from node i stays or returns at the same location after integration. The non-diagonal 94 elements represent the transport probabilities between each pair of nodes, considering the origin (destination) 95 node as a row (column, respectively) of the connectivity matrix. Similarly, one can build a simplified binary 96 connectivity matrix L with elements L i,j = 0 if P i,j = 0 (i.e. no larval flow from node i to j) and L i,j = 1 when 97 P i,j = 0 (Fig. 1 ).
98
A number of studies were based on matrices which only depicted the connectivity between various coastal 
106
Botsford et al. [2009] defined the Local Retention (LR) as the ratio of locally produced settlement to local 107 larval release. Since the local larval release and the success of recruitment are here assumed to be homogeneous 108 in space, LR can be approximated for each node by the proportion of locally retained particles (i.e. diagonal 109 elements of P ):
(1)
Botsford et al.
[2009] defined the Self-Recruitment (SR) as the ratio of locally produced settlement to the 111 overall settlement. With our assumptions, SR corresponds to the ratio of retained particles in each box to the 112 total incoming particles from all origins (including those produced locally):
For each node, we also compute the local OUT-strength (IN-strength) which measures the proportion of par-114 ticles released (arriving) locally that were transported (originated from, respectively) elsewhere. It is calculated 115 by summing the rows (columns, respectively) of the connectivity matrix, excluding the diagonal element:
117
IN-strength
The IN-degree and OUT-degree were computed similarly as the "strength" case but using the binary con-118 nectivity matrix L: 
120
IN-degree
They evaluate the source or sink character, in terms of the total amount of larvae (strength) or in terms of SI-5), we investigate how these spatial patterns change with the spawning season. To do this, we compute 133 temporal averages over a subset of the simulations considering the two seasons separately.
134
To evaluate the confidence of the averages reported on the maps, we calculate the standard deviation σ of 135 our local metrics and we then relate the variance σ 2 to the temporal mean µ by means of the so-called i ndex The global distributions of our connectivity metrics and their robustness to the most relevant biological and 142 physical parameters have been investigated in Appendix 2 (Fig. SI-1 to 3 ). In particular, our results are 143 insensitive to the scale of spatial discretization ( Fig. SI-2 ) and to the initial density of particles ( Fig. SI-3) . show on average null or very low (> 1%) LR or SR (Fig. 2a) .
While these global patterns are observed for all simulations, some seasonal differences are noticeable. For 151 instance, elevated values of LR and SR are found over the Tunisian shelf during summer whereas they are more 152 restricted to the near-coastal boxes in winter ( Fig. 2b and c) . 
158
SS-degree and SS-strength show relatively similar spatial patterns (Fig. 3) throughout the year (Fig. 3) , with an intensification along the Egyptian coastlines in summer (Fig. 4a, c) .
170
Others regions are marked by two very distinct seasonal patterns. For instance, during summer most of
171
Balearic Sea behaves as a quite homogeneous larval sink (Fig. 4a, b) , whereas it shows disparate sources and winter while the western Greek shores are sinks (Fig. 4c ). During summer, there is the opposite situation.
174
The same pattern is observed in the Aegean Sea ( 
Relationships among connectivity metrics
182
When we plot LR versus SR considering each box and each simulation independently, we find a rather loose 183 relationship ( Fig. 5a ) with a correlation coefficient R 2 of 0.69, indicating a significant spread of the variables.
184
However, by locally averaging LR and SR over all simulations (for a fixed PLD), they appear positively corre-185 lated through a more compact linear relationship (Fig. 5b) . In this case, the R 2 coefficient is 0.89, suggesting 186 that LR and SR are on average nearly equal at a given site (under our assumptions of homogeneous larval 187 production and mortality).
188
To investigate if there is a global relationship between retention and exchange metrics we distinguished each 189 point of the LR versus SR scatterplots according to its value of SS-degree and SS-strength ( 
207
The variability of SS-degree and SS-strength metrics appears also primarily determined by the oceanographic 
220
The impact of a boundary current on connectivity properties is another relevant mechanism that is clearly The Gulf of Lion is characterized by a shallow bathymetry that often maintains the core of the Northern
230
Current off the shelf-break. As such, the inner-shelf circulation is primarily influenced by the "Tramontane" and by seasonal wind regimes are in agreement with our proxies (Fig. 3, 4 characterized by low rentention rate (Fig. 6) . In other words, the greater the relative difference between SR
296
and LR, the larger are the deviations of SS-degree or SS-strength from 0.5, and the more pronounced is the 297 source or sink behaviour. While these conclusions based on SS-strength are straightforward, we also show they 298 hold when considering SS-degree: a site which tends to import from distinct geographical regions but export
299
to only a few (a sink in terms of degree) is also characterized by LR higher than SR, which would have 300 consequences for the local genetic and phenotypic diversities.
301
The integrated interpretation of retention and exchange large-scale connectivity indices has implications of these processes, we highlight specific oceanographic processes that control larval connectivity, potentially 320 affecting both demographic and genetic connectivities of many marine organisms. Furthermore, it is worth 321 emphasizing that this modelling framework is indeed adaptable to any species whose biological traits and 322 ecological preferences are precisely known.
323
For instance, homogeneous larval production in both coastal and open ocean regions is a strong assumption 324 since some organisms spend most of their life-cycle in shallow areas (Tab. SI-1). Nevertheless, our source/sink 325 metrics can be re-calculated to restrict larval release over the continental shelves by selecting only the corre-326 sponding nodes within the full connectivity matrices (Fig. SI-6 ). In this case, very similar spatial patterns are 327 observed ( Fig. SI-7 and an anonymous reviewer) whose comments helped improve this manuscript. Coll, M., Cury, P., Azzurro, E., Bariche, M., Bayadas, G., Bellido, J.M., Chaboud, C., Claudet, J., El-Sayed, A.F., Gascuel, D., et al. 2013 .
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Linking basin-scale connectivity, oceanography and population dynamics for the conservation and management of marine ecosystems.
Supporting Information
Mélodie We also investigate the sensitivity of the CCDFs for each connectivity metric depending on the parameters 9 τ = P LD and t 0 = spawning period considered independently. For instance, to highlight the effect of the P LD 10 on the distribution of P i,j and L i,j , we build a single CCDF taking into account all 60 simulations that used the 11 same integration time τ = P LD = 30 days and we compare it to the CCDF build with the other 60 simulations 12 using τ = P LD = 60 days. Similarly, we test the seasonal effect alone, the inter-annual variability alone, and 13 finally the full variability considering all effects together on every connectivity proxy. Fig. SI-1a) , more than 50% of boxes have null LR and SR, indicating they never retain particle in their core apparently not been studied previously, our results suggest that organisms with longer PLDs would tend to be 36 more characterized as larval sources than as sinks. Global Ecology and Biogeography -Supporting Information it leads to stronger export during winter evidenced by lower retention (Fig. SI-1g ) and of IN s > 1 (Fig. SI-42 1h). This is also observed on the degree analyses with higher occurrence of large degrees (not shown). This shown), whereas SS-strength distributions reveal that source boxes are more frequent in winter than in summer
48
( Fig. SI-1i) . • (corresponding to approximatively 1000 particles per node of 1 /8
• ), and (b) of 0.0125 • (corresponding to about 100 particles per node of 1 /8
• ). The spatial patterns and their magnitudes are very similar among those plots, suggesting no significant sensitivity of the averages described in the manuscript. A e g e a n Se a
Cr e t a n Se a Le v a n t i n e Y Se a S i c i l y C h a n n e l 
Open ocean nodes
Figure SI-6: By co-locating the geographical coordinates of each node with a gridded bathymetry (GEBCO), one can distinguish the shelf and oceanic nodes (according to the color code). Following similar methodology, further ecologically-relevant distinction could be made in the future, such as separating the four main bathymetric floors (infra-, circa-littoral, bathyal and abyssal) or using the proportion of a specific benthic habitat in each node (see also Discussion sect. 4.4). Table SI-1: Literature review of biological traits for some emblematic Mediterranean marine species with wide geographical range and potential for large-scale dispersal. With our parameter values and under our assumptions, the broad-scale connectivity patterns evidenced in this paper are applicable for those organisms that belong to different trophic levels of the Mediterranean food webs. Note that the vertical positioning of eggs/larvae may vary but for simplicity, they are assumed here to remain in the ∼ 50 − 150 m thick Mixed Layer Depth, thus seeing relatively similar transport patterns (see also Discussion sect. 4.4). While we take here an "ecosystem approach" to study connectivity, following what has been recommended for the management of marine resources 
